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Abstract 23 
Metagenome research has brought much attention for the identification of 24 
important and novel genes of industrial and pharmaceutical value. Here, using a 25 
metagenome library constructed from bacteria associated to the marine sponge, Styllisa 26 
massa, a high-throughput screening technique using radioisotope was implemented to 27 
screen for cadmium (Cd) binding or accumulation genes. From a total of 3,301 28 
randomly selected clones, a clone 247-11C was identified to harbor an open reading 29 
frame (ORF) showing Cd accumulation characteristics. The ORF, termed as ORF5, was 30 
further analyzed by protein functional studies to reveal the presence of a protein, Cdae-1, 31 
comprised of a signal peptide and domain harboring an E(G/A)KCG pentapeptide motif, 32 
in which the later, enhanced Cd accumulation when expressed in E. coli. Although 33 
showing no direct binding to Cd in vitro, the presence of important amino acid residues 34 
related to Cd detoxification suggests that Cdae-1 may possess a different mechanism 35 
from known Cd binding proteins such as metallothioneins (MTs) and phytochelatins 36 
(PCs). In summary, using the advantage of bacterial metagenomes, our findings in this 37 
work suggest the first report on the identification of a unique protein involved in Cd 38 
accumulation from bacteria associated to a marine sponge. 39 
 40 
Abbreviations 41 
Cd, cadmium; MTs, metallothioneins; PCs, phytochelatins; Cdae, Cadmium 42 
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Highlights 48 
! We screened a sponge-associated bacterial metagenome library for novel cadmium 49 
accumulation genes. 50 
! The discovered Cd accumulation protein, Cdae-1, although coupled with a signal 51 
peptide, promoted intracellular Cd accumulation. 52 
! Cdae-1 showed different amino acid features and characteristics to 53 
metallothioneins and phytochelatins. 54 
! Cdae-1 harbored a novel pentapeptide motif unique to a class of hypothetical or 55 
low-complexity proteins of unknown function.  56 
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1. Introduction 57 
Cadmium (Cd) has been regarded as an important trace element due to its 58 
industrial applicability in nickel-cadmium batteries, Cd pigments, Cd coatings and as 59 
stabilizers in plastics and alloys (Morrow, 2010). However, long-term exposure to Cd or 60 
uptake at high levels has resulted in serious health and ecological problems (Jarup and 61 
Akesson, 2009; Boyd, 2010). Currently, the removal of Cd from the environment is 62 
conducted using chemical, membrane, ion exchange, solvent extraction and adsorption 63 
techniques (Rao et al., 2010). Alternatively, many organisms have adopted resistance 64 
mechanisms such as exclusion (Zhu et al., 2011), compartmentalization (Dehn et al., 65 
2004), the formation of complexes (Inouhe et al., 1996) and the synthesis of metal 66 
binding proteins (Mejare and Bulow, 2001) to overcome Cd toxicity and heavy metal 67 
stress. Such mechanisms have brought much attention as these systems provide an 68 
alternative to conventional Cd removal techniques and can be utilized to further 69 
overcome current bioremediation challenges. 70 
Among these resistance mechanisms, the introduction or overexpression of 71 
metal-binding proteins have been widely exploited to increase Cd binding capacity, 72 
tolerance or accumulation. Two of the most well characterized binding proteins are 73 
metallothioneins (MTs) and phytochelatins (PCs). MTs, characterized as low-molecular 74 
cytosolic gene-encoded polypeptides, bind to a range of heavy metals including Cd2+, 75 
Pb2+, Bi3+, Ag2+, Cu2+, Zn2+ and Ni2+ while PCs, glutathione polymers enzymatically 76 
synthesized by phytochelatin synthases (PCS), are chelators important for heavy metal 77 
detoxification (Henkel and Krebs, 2004; Dar et al., 2013; Rigouin et al., 2013). Both 78 
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MTs and PCs have also been widely reported in various organisms including plants, 79 
yeasts, algae and fungi. In bacteria, the identification of Cd-binding proteins including 80 
MT and PC homologues has also been reported (Capasso et al., 1996; Harada et al., 81 
2004; Tsuji et al., 2004; Blindauer, 2011). Bacteria also serve as an important 82 
expression system for the overexpression of Cd-binding proteins attained from plants 83 
(Kim et al., 2009), yeast (Preveral et al., 2009) or synthetically synthesized peptides 84 
(Bae et al., 2002), further suggesting the importance of bacteria in Cd bioremediation. 85 
However, since the majority of work related to Cd binding proteins have focused on 86 
currently identified proteins such as MTs or PCs, there is still a need for the discovery 87 
of novel Cd binding proteins or proteins enhancing Cd accumulation. 88 
Thus, to attain such proteins, we focused our search on microbial metagenomes. 89 
In recent years, metagenomic research has supported the identification of novel and 90 
important genes from bacterial communities of both terrestrial and marine environments. 91 
Marine microbial metagenomes in particular, known for its unique and large genetic 92 
diversity, has served as a resource for genes such as lipases (Selvin et al., 2012), 93 
esterases (Okamura et al., 2010), fumarases (Jiang et al., 2010), beta-glucosidases (Fang 94 
et al., 2010), applicable to pharmaceutics, research and industry (Kennedy et al., 2010; 95 
Hentschel et al., 2012). Furthermore, metagenomic based research also provides an 96 
advantage to identify and discover genes that may harbor non-elucidated characteristics 97 
or undetermined phenotypic properties since screening and activity assays are 98 
frequently conducted in bacterial hosts such as E. coli and Bacillus. However, although 99 
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metagenomic researches are currently widely conducted, proteins related to Cd binding 100 
or accumulation has not been reported thus far. 101 
Therefore, in this research, to conduct a comprehensive search for genes related 102 
to Cd binding or accumulation, we conducted the screening of such genes from the 103 
metagenome library of bacteria associated to the marine sponge Styllisa massa. We 104 
focused on bacteria associated with marine sponges, since marine sponges are known to 105 
be one of the largest producer in secondary metabolites (Thomas et al., 2010) and holds 106 
high potential to harbor unique functional genes including those related to heavy metal 107 
accumulation (Selvin et al., 2009; Nelson and Slinger-Cohen, 2014). Subsequently, 108 
functional analysis and preliminary sequence comparison studies to determine the 109 
novelty of the discovered protein were conducted. Here, we report one of the first 110 
reports on the identification of a unique protein involved in the accumulation of Cd 111 
from a sponge-associated bacterial metagenome.112 
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2. Materials and Methods 113 
2.1 Sponge, bacterial strains and plasmids 114 
The marine sponge, Stylissa massa, was collected from the offshore of Ishigaki 115 
island, Okinawa, Japan. The E. coli strains, EPI300TM (Epicentre Biotechnologies) were 116 
used in metagenome library construction, DH5α (TOYOBO) and EC100 TM (Epicentre 117 
Biotechnologies) in cloning and BL21 (DE3) (Novagen) in recombinant protein 118 
expression, respectively. The plasmid pCC1FOS (Epicentre Biotechnologies) was used 119 
for metagenome library construction and in standard cloning procedures. The Zero 120 
Blunt TOPO PCR Cloning Kit for Sequencing (Life Technologies) was used for the 121 
cloning of PCR amplicons, and the pET25b (Novagen) vector was used for protein 122 
expression. 123 
 124 
2.2 Library construction 125 
The preparation of marine sponge bacterial fraction and DNA extraction were 126 
performed as described by Okamura et al. (Okamura et al., 2010). Fosmid library 127 
construction was conducted using the CopyControl Fosmid Library Production Kit 128 
(Epicentre Biotechnologies) based on the manufacturer’s protocol. Briefly, blunt-ended 129 
and 5’-phosphorylated DNA was separated by pulsed-field gel electrophoresis (1% 130 
LMP agarose/1 x TBE gel, 0.5 x TBE buffer, 0.5 s pulse, 9 V/cm, 14 °C, 120 °, 3 h) and 131 
approximately 40 kbp of DNA was recovered with GELase. The attained DNA 132 
fragments were ligated with the pCC1FOS vector, packaged, titered and were infected 133 
into E. coli EPI300TM cells. Upon plating on LB agar plates containing 12.5 µg/mL 134 
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chloramphenicol, colonies were selected manually or using the BioPick automated 135 
colony picking system (Genomic Solutions). The metagenome library was stored at 136 
-80˚C in a 96-well plate format. Fosmid DNA were extracted from randomly selected 137 
clones following standard alkaline lysis procedure and digested by BamHI and 138 
EcoRI/HindIII to estimate the average size of the DNA inserts. 139 
 140 
2.3 Screening for Cd accumulation clones from metagenome library 141 
Screening of Cd accumulation from the metagenome library clones was conducted 142 
using the microplate-BAS method. Prior to the screening of Cd accumulation genes, 40 143 
randomly selected 96-well plates; comprised of 3,301 metagenome library clones were 144 
cultured in LB medium containing 12.5 µg/mL of chloramphenicol overnight at 37˚C 145 
with agitation. The overnight cultures were diluted with 4 folds of culture medium 146 
described above with addition of 2.5 µM Cd including 37 kBq/mL of radioactive Cd 147 
(109Cd, PerkinElmer Life and Analytical Science) and induction solution (Epicentre 148 
Biotechnologies) and were cultured at 37˚C for a subsequent 5 hours. After 5 hours, 50 149 
µL of the bacterial culture was transferred to Multiscreen-GV filter plates (0.22 µm) and 150 
washed 3 times with 200 µL of 3% NaCl using a MultiScreen HTS Vacuum Manifold 151 
system (EMD Millipore). Upon drying, the plates were placed on imaging plates, 152 
overnight in the dark and the accumulation of Cd within the clones was detected using 153 
the Bio-imaging Analyzer BAS-1800 II (FUJIFILM). Positive clones showing high Cd 154 
accumulation were selected upon 2 rounds of screening. The selection criteria for Cd 155 
accumulation clones were determined based on the accumulation of Cd above the total 156 
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average detection signal value. As such, the cut off point for positive clones was set to 2 157 
folds and 3 folds for the 1st and 2nd round screening, respectively. 158 
The clones attained from the 2nd screen were reanalyzed to determine Cd 159 
accumulation using the silicone oil centrifugation method. 0.4 mL sampling tubes were 160 
prepared containing a dense bottom layer, comprised of 50 µL silicone oil (Toray Dow 161 
Corning Silicone; SH550 : SH556 = 2 : 1). 200 µL of cells incubated with 2.5 µM Cd 162 
including 109Cd radioisotope were pipetted over the silicone oil layer, centrifuged at 163 
10,000 g for 1 min and the sample tubes were frozen in liquid nitrogen. The bottom 164 
layer with the cells was clipped into measurement tubes and the radioactivity was 165 
measured using the COBRAII γ-counter (Packard Instrument). For the plasmid 166 
reintroduction assay, 200 mL of positive cultures were grown in 2-YT medium 167 
containing 12.5 µg/mL chloramphenicol and induction solution, autoinduced and 168 
cultured overnight. Plasmids were extracted using the Qiagen Plasmid Buffer Set and 169 
the Qiagen-tip 100 (Qiagen) based on the manufacturer’s protocol. The extracted 170 
plasmid was subsequently transformed by electroporation using the Gene Pulser II 171 
(Biorad) into E. coli EC100TM electrocompetent cells. The clone showing the highest 172 
Cd accumulation was cloned and sequenced to determine the regions harboring the Cd 173 
accumulation gene. 174 
 175 
2.4 Identification of the Cd accumulation gene 176 
Based on the sequencing results, plasmid from the Cd accumulating clone was 177 
enzyme digested with the restriction enzyme XhoI to determine the region in which Cd 178 
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accumulation occurs. The enzyme digested fragments were cloned into the pCC1FOS 179 
vector and transformed into E. coli EC100TM cells. Cd accumulation was measured 180 
from the attained clones using the silicone oil centrifugation method as described above. 181 
E. coli cells harboring only the pCC1FOS vector was used as a negative control. 182 
Subsequently, the attained fragment harboring the Cd accumulation region, was further 183 
enzyme digested with the restriction enzymes SphI or SanDI, self-ligated and 184 
transformed into E. coli EPI300TM cells. The clones attained from SphI and SanDI 185 
digestion, were analyzed to locate the position of the Cd accumulation gene using the 186 
silicone oil centrifugation and microplate-BAS methods.  187 
Specific ORFs with the predicted promoter regions were amplified by PCR using 188 
the PrimeSTAR Max DNA Polymerase（Takara Bio）based on the manufacturer’s 189 
instructions. PCR conditions were as follows: 33 cycles of 98 °C for 10 s, 55 °C for 10 s, 190 
and 72 °C for 11 s, and the attained amplicons were cloned accordingly. Pre-culture of 191 
each transformant was inoculated at OD660=0.03 in 5 mL of LB medium with proper 192 
antibiotics and Cd standard solution (1,000 ppm; Wako Chemicals) was added at 100 193 
µM final concentration. After culturing for 15 hours at 37˚C with agitation, cells were 194 
harvested by centrifugation at 8,000 g, for 5 min at 4˚C and washed twice with 1 x 	 195 
PBS buffer supplemented with 25 mM EDTA in order to remove adsorbed Cd from the 196 
cell surface. Washed pellets were heated at 180°C with 9.6 N HNO3 to degrade organic 197 
matter. Dried residues including Cd were dissolved in 5 mL of 0.5 N HNO3 and Cd 198 
concentration was determined using an AA-6600G atomic adsorption spectrometer 199 
(Shimadzu). Cd standard solution (1,000 ppm) was used for the calibration curve.   200 
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 201 
2.6 Analysis of the target clone 202 
 The fragments, truncated at the designated regions were amplified by PCR 203 
and were cloned into the pCR4Blunt TOPO cloning vector provided with the Zero 204 
Blunt TOPO cloning kit for sequencing. The fragments for protein expression were 205 
similarly amplified by PCR and were cloned in the pET25b expression vector. The 206 
primers used in the amplification of the respective fragments are shown in Table 1. 207 
Protein expression was conducted using the Overnight ExpressTM Autoinduction 208 
Systems 1 (EMD Millipore) according to the manufacturer's protocol. Preparation of the 209 
designated samples for intracellular Cd concentration measurement is as described in 210 
the section above and samples were measured using an ICPE-9000 ICP atomic emission 211 
spectrometer (Shimadzu).  212 
 For protein expression analysis,, the designated clones induced using the 213 
Overnight ExpressTM Autoinduction Systems 1 were harvested by centrifugation at 214 
13,000 rpm, for 2 min at room temperature. The pellets were treated using the 215 
BugBuster Master Mix (Novagen) for protein extraction and were regarded as the 216 
intracellular fraction. The supernatants on the other hand, were concentrated using the 217 
Amicon® Ultra-4 (EMD Millipore) filters and were regarded as the extracellular 218 
fraction. Both the intracellular and extracellular fractions were purified by affinity 219 
chromatography and the purified proteins were analyzed by standard SDS-PAGE. 220 
 221 
2.7 Gene accession number  222 
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The nucleotide sequence of the Cd accumulation gene has been submitted to 223 
the DNA Data Bank of Japan (DDBJ) and has been assigned the accession number 224 
AB969736.  225 
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3. Results and Discussion	   226 
3.1 Metagenome library construction and screening of cadmium accumulating clones 227 
In the past, we have reported on the identification of a novel halotolerant 228 
esterase, EstHE1, from the metagenome library of bacteria associated to the marine 229 
sponge, Hyrtios erecta (Okamura et al., 2010). Using this understanding, we 230 
subsequently focused on the marine sponge, Styllisa massa, which was collected off the 231 
coast of Ishigaki island, Okinawa, Japan. As a result, we were successful in establishing 232 
a bacterial metagenome library comprised of 65,043 clones, with DNA insert size 233 
averaging at 37 kbp totaling up to a sequence size of approximately 2.4 Gbp.  234 
For the screening of the clones harboring Cd binding or accumulation genes, 235 
randomly selected 40 96-well plates comprised of 3,301 clones were selected and 236 
subjected to 2 rounds of selection using 109Cd radioisotope. From the first screen, 52 237 
clones showing approximately 2 folds accumulation of Cd above the average was 238 
attained (Fig. 1a). In the second screen, 6 out of the 52 clones significantly showed high 239 
Cd uptake (Fig. 1b). These 6 clones designated as 66-11E, 217-9E, 219-3D, 238-4B, 240 
247-11C and 361-5A was reanalyzed and Cd accumulation was determined by using the 241 
silicone oil centrifugation method. The Cd accumulation of these clones ranged in 242 
between 4-9 folds in comparison to the control, with clones 238-4B and 247-11C 243 
showing relatively high Cd accumulation at approximately 8 - 9 folds (Fig. 1c). To 244 
further validate our results and to determine the clone showing the highest Cd 245 
accumulation, reintroduction of the plasmids into E. coli was conducted, in which the 246 
clone 247-11C showed the most stable Cd accumulation (Fig. 1d). Further analysis was 247 
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conducted against this clone to identify the Cd accumulation gene. 248 
 249 
3.2 Identification of the gene involved in cadmium accumulation. 250 
 To identify the gene involved in Cd accumulation, the plasmid from clone 251 
247-11C was extracted and sequenced, revealing a metagenome fragment comprised of 252 
33.7 kbp. Restriction enzyme digestion using XhoI resulted in 2 fragments in which the 253 
smaller fragment sized at 9.7 kbp showed high Cd accumulation similar to that of the 254 
non-truncated 247-11C clone (Fig. 2a). The newly identified clone, 247-11CX1 was 255 
further subjected to restriction enzyme digestion with SphI or SanDI, in which 3 clones 256 
designated 247-11CX1S0, 247-11CX1Sa and 247-11CX1Sp was attained and analyzed 257 
for Cd accumulation. The 247-11CX1S0 and 247-11CX1Sa clones that had deleted 258 
regions as shown in Fig. 2b did not show any Cd accumulation, suggesting that the Cd 259 
accumulation gene may exist within the 3 kbp and 7 kbp region of the 247-11CX1 260 
fragment. As predicted, when Cd accumulation was conducted with the 247-11CX1Sp 261 
clone, high Cd accumulation was observed (Fig. 2c). Prior amino acid sequence 262 
similarity search of the open reading frames (ORFs) within the 9.7 kbp fragment using 263 
ORF Finder showed the presence of 3 ORFs within this region. ORF4, encodes for an 264 
acetyl-CoA synthetase (amino acid similarity of 70%) and ORF5 and ORF6, each 265 
represents hypothetical proteins, respectively. To further identify the gene responsible 266 
for Cd accumulation, Cd accumulation assay was conducted, resulting in ORF5 267 
showing the highest Cd accumulation to as high as 11 folds in comparison to ORF4 and 268 
ORF6 (Fig. 2d). Here we clearly indicate that ORF5 was involved in Cd accumulation. 269 
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 270 
3.3 Domain conformation and functional analysis of Cdae-1 271 
 ORF5, comprised of a 744 bp long fragment, was analyzed at the nucleotide 272 
and amino acid level to further identify possible functional domains. Based on 273 
prediction and similarity searches, we hypothesized the presence of 3 domains within 274 
ORF5, each comprised of a putative promoter sequence region (R1), a signal peptide 275 
region (R2) and an unknown protein region harboring a repetitive unique pentapeptide 276 
motif, E(G/A)KCG (R3) (Fig. 3). Hereon, subsequent analysis was narrowed down to 277 
R2 and R3 of ORF5, in which this region was designated as Cdae-1 (Cdae: Cadmium 278 
accumulation element). The functional prediction of R2 as a signal peptide was 279 
determined by using SignalP in which the cleavage point was identified at AHA-EG.  280 
 The function of R2 as a signal peptide and R3 as the protein region involved 281 
in Cd accumulation was further confirmed by protein expression experiments. Based on 282 
truncation experiments of ORF5 at R2 (ORF5 (T2)) and R3 (ORF5 (T1)), it was clearly 283 
shown that R3, the domain harboring the E(G/A)KCG repetitive motif played an 284 
important role in Cd accumulation. This was further clarified by the cloning of R2 and 285 
R3 (Cdae-1) or only R3 (Cdae-1R3) into the pET-25b expression vector and by 286 
performing a Cd accumulation assay (Fig. 4a). To confirm the function of R2 as a signal 287 
peptide, SDS-PAGE of the extracellular and intracellular fractions of the designated 288 
clones, Cdae-1 and Cdae-1R3, were conducted and only the clone expressing Cdae-1 289 
showed the presence of a band of approximately 18 kDa at the extracellular fraction. 290 
This result clearly indicates that R2 does function as a signal peptide (Fig. 4b).  291 
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 292 
3.4 Comparative study of Cdae-1 with other metal binding proteins and similar 293 
homologs. 294 
 Cysteine (C) residues are known to be reactive and conjugates to nitric oxide 295 
or metal ions via its sulfhydryl group (Hynek et al., 2012) while histidine (H) residues 296 
are known to coordinate metal ion binding with its imidazole substituent (Blindauer, 297 
2008). MTs for example contains C residues (about 10-30%) that are arranged in the 298 
form of clusters known as ‘‘metal binding motifs’’ in which they are usually present in 299 
different combinations of C–X–C, C–X–X–C and C–C form (Cobbett and Goldsbrough, 300 
2002), while PCs, comprises of (γGlu–Cys)n–Gly, n = 2–11, small C-rich peptides 301 
(Oven et al., 2002). To elucidate the role of the R3 region of Cdae-1 in Cd accumulation, 302 
we first identified the presence of C or H residues within the amino acid sequence. Our 303 
observations showed that in comparison to MTs and PCs, only 10.6% of the total amino 304 
acid residues of Cdae-1R3 comprised of C residues, where all were found within the 305 
E(G/A)KCG repetitive motif, while only 1.8% were H residues. This observation 306 
showed a significant difference between the composition of C and H residues to that of 307 
currently known proteins or peptides associated to Cd binding. Thus, in reference to the 308 
results attained from the in vivo accumulation of Cd (Fig. 4a) and to determine the 309 
direct binding of Cdae-1R3 to Cd, in vitro binding assays using 109Cd radioisotopes 310 
were conducted. However, contradicting to our expectations, no direct binding of Cd to 311 
Cdae-1R3 was observed (data not shown).  312 
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The unexpected results from the in vitro experiments suggested that 313 
Cdae-1R3, although coupled with a signal peptide, promoted Cd accumulation 314 
intracellularly and not extracellularly. This observation suggests that Cdae-1R3 may 315 
instead possess a unique characteristic within the cell to enhance Cd accumulation and 316 
we speculate that the signal peptide may be regulated by intracellular mechanisms that 317 
serve as a control for the release of Cdae-1R3 when required. Looking at the total 318 
composition of amino acid residues within Cdae-1, it was found that Cdae-1R3 itself 319 
has a high composition of glycine (G; 30.1%) and lysine (K; 19.5%) residues. Lysine in 320 
particular has been reported to play an important role in the detoxification properties of 321 
MTs (Cody and Huang, 1993) while glycine acts as a crucial constituent in PTs 322 
(Cobbett, 2000). Nevertheless, these speculations are still preliminary, as further protein 323 
functional analyses need to be conducted. Attempts to further speculate the function of 324 
Cdae-1R3 by generation of a tertiary model using SWISS-MODEL 325 
(http://swissmodel.expasy.org) resulted in a 12.82% sequence identity to a soluble 326 
cytochrome b562 from Salmonella enterica which did not correspond to the 327 
E(G/A)KCG repetitive motif of Cdae-1R3. This low structural similarity further 328 
suggests that Cdae-1R3 is highly unique and crystallization studies may provide new 329 
insights to the mechanism and function of this protein.  330 
 Subsequently, we conducted a conserved domain search and a blastp search 331 
against the NCBI and Uniprot databases to determine the presence of similar proteins to 332 
Cdae-1. The conserved domain search conducted using the NCBI Conserved Domain 333 
Search tool resulted in Cdae-1 harboring a domain classified to an uncharacterized 334 
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low-complexity protein superfamily, COG3767, while the blastp search resulted in the 335 
identification of a group of hypothetical or low-complexity proteins of unknown or 336 
uncharacterized function that similarly harbors a signal peptide and the E(G/A)KCG 337 
repetitive motif (Table 2). Amino acid similarity alignment of Cdae-1 to these proteins 338 
is also shown in Fig. 5. Interestingly, all of these proteins we identified were only found 339 
to be highly conserved within the class γ-proteobacteria. The presence of other similar 340 
proteins and together with our functional characterization of Cdae-1 could provide 341 
evidence of γ-proteobacteria strains with unique Cd accumulation properties. 342 
In summary, although further analytical studies including crystal structural 343 
conformation and detailed analysis on the mechanism of Cdae-1 to Cd accumulation 344 
within E. coli needs to be conducted, we showed that by using bacterial metagenome as 345 
a genetic resource, we were successful in the discovery of a novel candidate Cd 346 
accumulation gene showing different features to that of MTs and PCs. We hope that this 347 
research will trigger for the search and identification of novel and unique genes that 348 
may not only further promote Cd bioremediation, but also for other heavy metal 349 
pollutants.350 
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Figure Legends 358 
Fig. 1 Screening of cadmium (Cd) binding or accumulation genes from the marine 359 
sponge, Stylissa massa, associated bacterial metagenome library. a. First screen of Cd 360 
accumulation clones using the microplate-BAS method. Clones showing Cd 361 
accumulation of approximately 2 folds were selected for the second screen. b. Second 362 
screen of Cd accumulation. Clones showing Cd accumulation of >3 folds were selected. 363 
c. Third screen and determination of Cd accumulation clones using the silicone oil 364 
centrifugation method. d. Reintroduction and reconfirmation of Cd accumulation ability 365 
from clones attained from the 3rd screen.   366 
 367 
Fig. 2 Identification of the cadmium (Cd) accumulation gene. a. Fragmentation of 368 
247-11C using the XhoI restriction enzyme and Cd uptake of the fragment harboring the 369 
Cd accumulation gene. b. Fragmentation of 247-11CX1 using the SphI or SanDI 370 
restriction enzymes and Cd accumulation analysis. The dotted arrows indicate the 371 
deleted regions within each of the 247-11CX1S0 and 247-11CX1Sa clones c. Cd 372 
accumulation using the 247-11CX1Sp clone. d. Analysis of the gene involved in the 373 
accumulation of Cd. Open reading frames (ORFs) were predicted using ORF Finder. 374 
For all samples, fold increase of Cd accumulation was determined by referring to the 375 
fold increase of pCC1FOS plasmid (negative control) as 1. 376 
 377 
Fig. 3 The nucleotide and amino acid sequence of ORF5 378 
 379 
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Fig. 4 Functional analysis of ORF5 and Cdae-1. a. Illustration of the regions truncated 380 
or analyzed within ORF5 (Top); cadmium accumulation analysis to determine the 381 
regions involved in accumulation (Bottom). b. Functional analysis of the signal peptide 382 
and R3 region (Cdae-1R3) by SDS-PAGE. 383 
 384 
Fig. 5 Comparative analysis of the amino acid sequences between Cdae-1 and similar 385 
proteins extracted from online databases. 386 
 387 
Table 1 Primer sequences used in the amplification of the target fragments for the 388 
functional analysis of ORF5 389 
 390 
Table 2 Comparative study of Cdae-1 with related proteins 391 
392 
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Target region Primer sequences 
ORF5 
Forward ATGCAGGTTCGTGCGCGGACACG 
Reverse TTAGTGCCCGCACTTGCCCTC 
ORF5 (T1) 
Forward ATGCAGGTTCGTGCGCGGACA 
Reverse CGCCCTTATGGGCATCGGCGA 
ORF5 (T2) 
Forward ATGCAGGTTCGTGCGCGGACA 
Reverse GGCGGTCACGGAAACGGCGAA 
Cdae-1 
Forward AAAAACATATGAGCGAAGAGAAGAAATCC 
Reverse AAAAACTCGAGGCTGCCGCGCGGCACCAGGTGCCCGCACTTGCCCTCGC 
Cdae-1R3 
Forward AGCCATATGGTCGAGTATGGAGGCGGC 
Reverse GGATCCTTAGTGCCCGCACTTGCCCTC 
* Bold sequences show the restriction enzyme sites
** Underline sequence show the thrombin cleavage site 
Table 1
Protein NCBI Accession Number Origin/Microorganism 
Assigned 
abbreviations 
Sequence 
length (aa) 
Signal peptide 
cleavage sequences 
No. of pentapeptide 
repeats (EX*KCG 
motif) 
Cdae-1 Sponge-associated bacterial metagenome 145 AHA-EG 12 
Related proteins 
Hypothetical protein WP_016956805 Catenovulum agarivorans CatA-HP 165 ANA-NP 16 
Hypothetical protein WP_007641548 Cellvibrio sp. BR CelV-HP 120 ASA-NT 8 
Hypothetical protein WP_019025790 Colwellia piezophila ColP-HP 139 AKA-ET 2 
Hypothetical protein WP_008284847 gamma proteobacterium HTCC5015 GamP-HP 129 AQA-DQ 8 
Hypothetical protein WP_017444670 Gayadomonas joobiniege GayJ-HP 138 NA 12 
Hypothetical protein WP_008292033 Methylophaga thiooxydans MetT-HP 114 ASA-EA 8 
Hypothetical protein WP_016900409 Pseudoalteromonas sp. PAMC 22718 PseuA-HP 139 ASA-DV 12 
Hypothetical protein Q91 1866 YP_006838403 Cycloclasticus sp. P1 CycC-HP 117 VNA-DT 8 
Hypothetical protein Sama 1304  YP_927181 Shewanella amazonensis SB2B ShewA-HP 147 AFA-AE 10 
Hypothetical protein Shal 1584  YP_001673809 Shewanella halifaxensis HAW-EB4  ShewH-HP 149 ALA-TS 12 
Hypothetical protein Shew 2241  YP_001094366 Shewanella loihica PV-4  ShewL-HP 146 AFA-AQ 10 
Hypothetical protein Spea 1502  YP_001501362 Shewanella pealeana ATCC 700345  ShewPE-HP 160 ALA-TS 16 
Hypothetical protein Ssed 2858  YP_001474593 Shewanella sediminis HAW-EB3 ShewS-HP 181 AFA-AE 8 
Low-complexity protein YP_002311067 Shewanella piezotolerans WP3 ShewPI-LCP 145 VQA-SP 2 
Putative periplasmic low 
complexity protein  NP_717613 Shewanella oneidensis MR-1  ShewO-PLCP 143 VNA-QT 8 
* X: Alanine (A) or Glycine (G)
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